Due to the peculiar nature of the atomic order in quasicrystals, examining phase transitions in this class of materials is of particular interest. Energetic particle irradiation can provide a way to modify the structure locally in a quasicrystal. To examine irradiation-induced phase transitions in quasicrystals on the atomic scale, we have carried out molecular dynamics simulations of collision cascades in CaCd 6 quasicrystal cubic approximant with energies up to 10 keV at 0 and 300 K. The results show that the threshold energies depend surprisingly strongly on the local coordination environments. The energy dependence of stable defect formation exhibits a power-law dependence on cascade energy, and surviving defects are dominated by Cd interstitials and vacancies. Only a modest effect of temperature is observed on defect survival, while irradiation temperature increases lead to a slight increase in the average size of both vacancy clusters and interstitial clusters. © 2013 AIP Publishing LLC.
I. INTRODUCTION
The crystal structure has a strong influence on damage production in materials. Irradiated materials with different symmetries usually have different radiation tolerances.
1, 2 For example, aluminum and silicon have nearly the same mass, and differ by only 20% in atomic density, but their damage production appears quite different due to the different crystal structures in the following aspects: 1, 3 subcascade formation threshold energy, defect clusters structures, and regeneration rate of damage. In diamond structure silicon, amorphous clusters are usually produced in the cascade core, whereas in face-centered-cubic (fcc) aluminum, most of the crystal regenerates quickly and leaves only small vacancy-rich clusters. Besides, the size distribution of defect clusters also strongly depends on the crystal structure due to the different mobility of defects. For example, the size of defect clusters produced in fcc copper 4 is much larger than that in body-centered-cubic (bcc) iron 5 even with the same primary knock-on atom (PKA) energy. These differences may arise from the large number of close-packed directions in the fcc structures, i.e., the interstitial atoms and vacancies can migrate easily along these directions during and immediately after the thermal spike. Moreover, the form of the defect clusters also strongly depends on the crystal structure. In hexagonal closed-packed (hcp) zirconium and titanium, for instance, small defect clusters can be formed as a triangular arrangement of closely packed atoms within one basal plane occupying a smaller number of lattice position. 6, 7 In bcc iron, small clusters usually have a more open, three-dimensional structure. The concept of quasicrystals was first introduced in 1984. 9 A quasicrystal has perfect long-range order, but no three-dimensional translational periodicity. As noted above, the damage production in a quasicrystal may differ a lot from that in a regular crystal due to the lack of translational symmetry. Additionally, the results of irradiation experiments using electrons and ion beams on quasicrystals have demonstrated that there is an irradiation-induced crystallinequasicrystalline-amorphous phase transformation. [10] [11] [12] [13] However, it is nearly impossible to experimentally study this irradiation process on the atomic scale as it usually happens over several ns. Besides, most of the experimental works on irradiation effects in quasicrystals were performed at higher energies (from several hundreds of keV to GeV). It is difficult to experimentally study the irradiation effects at several keV due to the extremely short penetration distance (usually less than several nm). The PKA energies used in this work are lower than those used in experiments, but this allows the simulation of a collision from a secondary recoiled atom and also gives insight into how the PKA energy influences the damage. Computer simulations by molecular dynamics (MD) have been employed to understand the nature of the damage produced by fast atomic particles in materials ranging from metals 1, 14, 15 to ceramics [16] [17] [18] in the last two decades, and have clarified many important details of the evolution of collision cascades. Such knowledge is crucial for accessing the lifetime of materials in irradiation environment. To authors' knowledge, little work has been done on cascade simulation in quasicrystals due to their complex structures. As a first step, radiation damage in CaCd 6 binary quasicrystal is studied in the present paper.
The rest of this paper is organized as follows. In Sec. II, we present the structures and the interatomic potentials used.
In Sec. III, we present the calculated results of the displacement threshold energy (E d ) and the evolution of defects during cascade simulations. Section IV concludes the present work.
II. COMPUTATIONAL MODELS

A. The structure of CaCd 6 quasicrystal approximants
The thermodynamically stable binary quasicrystals in the Ca-Cd systems, as well as many of their periodic approximants, can be described as packings of essentially identical clusters plus some extra glue atoms in between. 19 The classic approximant to the CaCd 5.7 quasicrystals is the long known CaCd 6 phase, which is a more closely related approximant to the CaCd 5.7 quasicrystals than any other so far known. 20 In this work, the cubic 1/1-approximant CaCd 6 was used in the MD simulations. The primitive cell of CaCd 6 quasicrystal approximant is presented in Fig. 1 . Each cell contains a total of 168 atoms. In the cubic CaCd 6 , the clusters are arranged on a bcc lattice. The structures of the quasicrystal approximants play a key role in understanding quasicrystals, since they are expected to display the same local arrangements as the true quasicrystal.
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B. Potentials
The empirical embedded atom method (EAM) potentials developed by Brommer 21 for CaCd 6 quasicrystal approximant, which was derived using a forcing-match method and shows comparable results with the experiments, were used. For use in collision cascades simulation, the EAM potentials were at small distances joined to the Ziegler-BiersackLittmark (ZBL) pair potential to model the highly repulsive nuclei-nuclei interaction using the Fermi function
where V tot , V ZBL , V Eq , and r are the total potential energy, universal ZBL repulsive potential, original pair part of EAM potential, and distance between atoms, respectively. The Fermi function is defined as
where b f and r f are adjustable parameters. The values of b f and r f are chosen such that the potential is essentially unmodified at the equilibrium and longer bonding distances, and are chosen to be 10, 2.6 Å for Ca and 10, 2.25 Å for Cd, respectively. The electronic density function is truncated for smaller distances. At distances shorter than r f , the electronic density is constant. Moreover, the melting temperature is especially important to cascade simulations with energies above 1 keV, where local atoms will have strongly disordered configurations, which would have some similarity to structures at high temperatures. With the present potential, the melting point was evaluated to be 880 K by calculation of the T-t (Temperaturetime) curve for a crystal while it is heated from solid to liquid, as described by Osetsky and Serra. 22 The behaviour of this potential somewhat overestimates the melting point when comparing with experiment, where a value of 838 K is given. The direct heating method, however, is known to overestimate the melting point, as without a seed for melting it leads to superheating. 24, 25 In normal metals with close-packed structures, this superheating is typically about 15%. However, in the current case with weakly ordered quasicrystals, it is likely less. In any case we can conclude that the simulated melting point of the interatomic potential is within ∼10% of the experimental value.
C. Damage analysis methods
In simple crystals there are many well-established ways for analysing damage, such as using Wigner-Seitz cells, spheres centered on lattice atoms, potential energy, 1 shortrange order parameters, 26 and angular structure factors. 27 Analysing for damage in a quasicrystal is somewhat challenging, as the atoms have many different bonding environments, and hence some of the conventional methods may not work. For instance, as atoms have a different number of neighbours, a short-range order approach would not be straightforward to use. Similarly, we found that the number of different angles between bonds is too large for angular damage analysis to be practical.
For the current work, we found that two approaches were practically useful for damage analysis. The methods chosen were potential energy and Voronoi cell analysis. 1 In the potential energy method, those atoms with a potential energy higher than the equilibrium value were labelled as defects. This is a convenient way to identify the damage zones, but it does not give detailed information on the defect structures on an atomic level. The Voronoi cell method 28 was used to recognize interstitials and vacancies by analysing the atom positions with respect to the lattice defined by the original undisturbed simulation cell. A lattice site with an empty Voronoi cell was labelled a vacancy and a cell with multiple atoms an interstitial. Since irradiation damage in quasicrystals has not been analysed earlier, we report results for both methods to allow comparison. 
III. RESULTS AND DISCUSSION
A. Displacement threshold energies
The displacement threshold energies' calculation is based on the method presented by Nordlund 29 with a search increment step of 1 eV. The Voronoi method was used to identify the defects. First, a fixed PKA direction is used, namely [1 0 0], at 0 K for all the 168 atoms in the primary cell. Second, the displacement threshold energy surface for all lattice directions of one atom was calculated. All the calculations were carried out using the LAMMPS code 30 with the initial temperature of 0 K under the constant number, volume, and energy (NVE, microcanonical) ensemble and periodic boundary conditions. A 6 × 6 × 6 supercell (36 288 atoms) was used for all the calculations. A variable time step, which is dependent on the maximum velocity and interaction force in the system, was applied.
The evaluated E d is shown in Fig. 2 . The threshold displacement energy varied considerably depending on the local bonding structures. No significant dependency of the displacement threshold energy on the atom types was found. Fig. 3 shows the three-dimensional threshold displacement energy surface E d (θ , φ) of one Ca atom in the CaCd 6 quasicrystal approximants. The average threshold displacement energy is 29 eV. There seem to be strong anisotropies. In some high-E d cases, creation of several defects immediately above the threshold was observed. The behaviour of other atoms is very similar.
B. Displacement cascade simulation
Displacement cascades were triggered by introducing an excess energy to an atom at 0 K and 300 K and for a PKA energy of 1-10 keV. The atoms in the outermost three layers are coupled to a heat bath to maintain a constant temperature. The initial velocity direction of the recoil atom was chosen randomly. In each case, at least 5 simulations were performed in order to obtain representative statistics. Additional cascades were differentiated by changing the location of the PKA atom or by using a different equilibrated atom block. Fig. 4 shows the time dependence of the energy of PKA and the maximum energy of Ca and Cd among all the atoms included in the simulation box with an energy of 5 keV. In this case, 100 simulations with different initial velocity directions are performed and averaged. The PKA lost more than 90% of the initial energy within 0.2 ps, and the maximum energy of Ca is lower than that of Cd. The lower concentration of Ca in CaCd 6 may account for the lower energy transfer. Another possible reason is that the mass of Ca is smaller than that of Cd, and then a Ca can get away from the PKA before collision.
The potential energy distributions before and after a cascade with an energy of 10 keV at 0 K are presented in Fig. 5. Fig. 6 shows the time dependence of the number of defects defined by these two damage analysis methods in displacement cascade with energies of 1, 2, 5, and 10 keV at 0 K. In each case, 5 simulations with different initial velocity directions are performed and averaged. For any given event, the amount of damage at the end of the cascade obtained according to potential energy is roughly 1.6 times that by the Voronoi method. In all four figures, cascades have similar behaviour with an increase in the number of defects during the ballistic phase, followed by a rapid decrease during the cooling stage and stabilisation in a further relaxation stage. The rapid decrease corresponds to recombination of an interstitial atom with the vacancy to which the interstitial initially belonged. Collision cascades at an energy of 10 keV have been shown to be broken up into spatially separated subcascades. When the zones cool down, they form amorphouslike damage pockets. Animations of 8 and 9 keV cascades showed that the former were not broken down into subcascades, while the latter were, indicating that the threshold for subcascade formation in CaCd 6 quasicrystal is about 8 keV at 0 K. Fig. 7 shows the evolution of the number of defects in displacement cascade with energies of 1, 2, 5, and 10 keV at 300 K defined by the Voronoi cell method. Table I gives results for the number of interstitial and replacement atoms survived at the end of cascade simulations with energies from 1 to 10 keV at 0 and 300 K. Increasing temperature leads to a slight increase in the number of defects. The effect of lattice temperature on the number of defects is rather weak below 2 keV. Since one cascade produces fewer defects on average than two separate cascades of the total energy, the difference at an energy of 10 keV becomes small when subcascade formations occur at 0 K, but is not observed at 300 K. The number of Ca atoms remaining as interstitials at the end of cascade is about one tenth of the number of Cd atoms. The possible reason attributed to this is the lower concentration and the lighter mass of Ca atoms.
The number of stable defects (N D ) remaining at the end of cascade simulations with energy from 1 keV to 10 keV at 0 K by the Voronoi method are presented in Fig. 8 . It 1  2  31  26  25  2  26  41  39  2  4  71  93  101  9  82  102  93  5  17  210  261  254  18  252  329  312  10  60  523  690  638  59  554  663  632 exhibits a power-law dependence on cascade energy and can be expressed as
where the cascade energy, E MD , is given in keV. At each energy, the data point is an average of 5 cascades. As a result of subcascades, N D begins to deviate from this energy dependence above 9 keV when subcascade formation occurs. Subcascade formation would lead to an increase in the gradient of the plot in Fig. 8 due to the formation of slightly disordered atom regions between subcascades. These relatively low defect density zones which connect the dense subcascades could present higher defect survival efficiencies and then raise the number of surviving defects. For higher PKA energies (several hundreds of keV) where subcascade formation becomes prominent, it is expected that the defect number should then simply be the sum of N D for lower energy events. The exponent m in the power-law relationship is about 1.17, which is larger than that for most crystalline materials where it is ≤1.0.
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C. Final state of damage
The final damage produced by cascades was also analysed. All defects (Voronoi) which were neighbours of each other in Voronoi analysis were interpreted to be adjacent. All defects within the same network of adjacent defects were interpreted to form one cluster. Fig. 9 shows the size distributions of vacancies and interstitial clusters as a function of time with an energy of 10 keV at 0 K. The vacancy cluster distribution reaches a stable value in about 50 fs, while the interstitial clusters continue to change for a few hundreds of fs after the initiation of the cascade due to the low migration energy of interstitials. Fig. 10 shows the size distributions of vacancies and interstitial clusters of the final damage as a function of energy at 0 K. Both the interstitial and vacancy cluster size distributions shift to larger sizes with the cascade energy. There is a systematic change in the cluster size distribution, with higher energy cascades producing larger clusters. Fig. 11 shows the size distributions of vacancy and interstitial clusters of the final damage at 0 and 300 K with a PKA energy of 10 keV. At elevated temperature, the vacancies and interstitials both tend to produce larger clusters. An increase in the clustering fraction at the higher temperatures is most clearly seen as a decrease in the number of monointerstitials. A comparison of Figs. 11(a) and 11(b) indicates that the average size of vacancy clusters is larger than that of interstitials. The atoms that are unable to regain lattice sites during this final stage become self-interstitial atoms at the periphery of the core, whereas vacancies are dragged into the center of the liquid when it contracts. 31 Isolated point defects are predominantly interstitials far from the cascade core, and the damage in the cores is vacancy rich. Individual replacement collision sequences (RCSs; Fig. 12 ) can be ejected early on during the ballistic phase, but self-interstitial atoms created by these events represent only a minor part of the total population of Frenkel pairs produced by cascades at lattice temperatures where focused chains are difficult to establish.
Replacement collision sequences, which can produce interstitial atoms outside the liquid core of the cascade, were also observed in CaCd 6 quasicrystal at 300 K as seen in Fig. 12 . The image shows a 25 nm thick cross section of the simulation cell at 500 ps after the initiation of the cascade. The replacement collision sequences are visible as straight rows of displaced atoms around the heat spike core. The replacement collision sequences typically have lengths of 6 lattice constants, and some interstitials appear to be produced without any visible RCSs. One of the most striking results of this work is the fact that few isolated Frenkel pairs are produced directly by the displacement cascades, while the RCSs have extremely long atomic replacements. The largest defect clusters are clearly disordered (amorphous) atom zones (see . 12 ), similar to the amorphous defect zones often observed in semiconductors after irradiation. 32, 33 Hence the current results indicate that ion irradiation can be used to introduce localized amorphous regions in quasicrystals. Their stability on macroscopic time scales cannot be determined from the current work due to the limited time scale of MD simulations, but considering that many metal alloys can form macroscopic stable amorphous metals, it is reasonable to assume that at least in some quasicrystals the amorphous pockets may be stable. 
D. Comparison with fcc Ca
The final damage states of a typical 2 keV cascade in fcc Ca and CaCd 6 quasicrystal at 0 K are shown in Figs. 13(a) and 13(b), respectively, where only defects are presented. The vacancies are represented by large spheres and the interstitials are represented by small ones, as indicated in the legend. Analysis of the defect clusters in fcc Ca using the same way as the analysis of CaCd 6 showed that they were in all cases either pure vacancy or pure interstitial clusters. The small size and simple nature of the clusters in fcc Ca compared to CaCd 6 reflect the importance of the crystal regeneration effect in fcc metals. In CaCd 6 quasicrystal, amorphous clusters are produced in the cascade cores, whereas in fcc Ca, most of the crystal regenerates, leaving only small defect clusters in the final damage state. The size of defect clusters is clearly larger in CaCd 6 quasicrystal than in fcc Ca due to the difference in structures. There are two possible mechanisms that account for the formation of interstitial clusters. First, clusters can form quite early in the cascade process during the transition from the ballistic collision phase to the thermal spike phase. Second, they can also be generated due to the migration of atoms in the vicinity of the heat spike after the collision stage. The damage structure of 5 keV cascades in CaCd 6 quasicrystal was studied and found that annealing a cascade at 700 K for 200 ps only leads to very slight changes in defect size and cascade morphology, so it is concluded that most of the interstitial clusters are created during the cooling stage. Meanwhile, most of the isolated interstitial clusters in fcc Ca can be removed by annealing at 700 K for 200 ps, indicating that interstitial clusters in fcc Ca are mainly generated due to defect diffusion during the thermal spike. The behaviour of fcc Ca is similar to other elemental metals, in which the translational symmetry and close-packed structure make for efficient damage recombination 1 and enables easy long-range defect migration that enhances the damage recombination. As the quasicrystal structures do not have translational symmetry and are not close-packed, the damage does not have the same ability to regenerate, leading to the formation of large amorphous regions.
IV. CONCLUSIONS
A molecular dynamics method has been used to study the defect production in CaCd 6 quasicrystal. The displacement threshold energies depend surprisingly strongly on the local coordination environments. No significant dependency of displacement threshold energy on the atom types was found. The number of stable defects remaining at the final stage with energy from 1 keV to 10 keV at 0 K shows a power-law dependence on cascade energy. The exponent m in the power-law relationship is larger than that for most crystalline materials. The results on final damage produced by cascades with different PKA energies at different temperatures show that both the interstitial and vacancy cluster sizes' distribution shifts to larger sizes with an increasing of PKA energy and temperature. Most of the interstitial clusters are created during the transition from the ballistic collision phase to the thermal spike phase, while most of the isolated interstitial clusters in fcc Ca are mainly formed by defect diffusion during the thermal spike.
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